Sound amplification in an electrically biased superlattice (SL) is studied in optical experiments with 100 fs time resolution. Coherent SL phonons with frequencies of 40, 375, and 410 GHz give rise to oscillatory reflectivity changes. With currents from 0.5 to 1.3 A, the Fourier amplitude of the 410 GHz phonon increases by more than a factor of 2 over a 200 ps period. This amplification is due to stimulated Čerenkov phonon emission by electrons undergoing intraminiband transport. The gain coefficient of 8 × 10 3 cm −1 is reproduced by theoretical calculations and holds potential for novel sub-THz phonon emitters. DOI: 10.1103/PhysRevLett.116.075504 The interaction of acoustic phonons with electrons plays a fundamental role for the transient electronic, optical, and transport properties of solids. Extensive work on incoherent phonon generation by hot-carrier relaxation [1,2] has been complemented recently by the optical generation of coherent acoustic phonons in bulk and low-dimensional semiconductors [3] [4] [5] [6] . Propagating and standing acoustic waves have been mapped in space and time by time-resolved optical and x-ray techniques [7] [8] [9] . Of particular interest are schemes for amplifying acoustic phonons by interaction with moving electrons. Such sound amplification is based on the stimulated emission of acoustic phonons, bosonic elementary excitations, upon transitions of the carriers between different electronic states. So far, experimental studies of acoustic phonon amplification have remained scarce, in particular in the gigahertz frequency range.
Sound amplification in an electrically biased superlattice (SL) is studied in optical experiments with 100 fs time resolution. Coherent SL phonons with frequencies of 40, 375, and 410 GHz give rise to oscillatory reflectivity changes. With currents from 0.5 to 1.3 A, the Fourier amplitude of the 410 GHz phonon increases by more than a factor of 2 over a 200 ps period. This amplification is due to stimulated Čerenkov phonon emission by electrons undergoing intraminiband transport. The gain coefficient of 8 × 10 3 cm −1 is reproduced by theoretical calculations and holds potential for novel sub-THz phonon emitters. The interaction of acoustic phonons with electrons plays a fundamental role for the transient electronic, optical, and transport properties of solids. Extensive work on incoherent phonon generation by hot-carrier relaxation [1, 2] has been complemented recently by the optical generation of coherent acoustic phonons in bulk and low-dimensional semiconductors [3] [4] [5] [6] . Propagating and standing acoustic waves have been mapped in space and time by time-resolved optical and x-ray techniques [7] [8] [9] . Of particular interest are schemes for amplifying acoustic phonons by interaction with moving electrons. Such sound amplification is based on the stimulated emission of acoustic phonons, bosonic elementary excitations, upon transitions of the carriers between different electronic states. So far, experimental studies of acoustic phonon amplification have remained scarce, in particular in the gigahertz frequency range.
One concept of acoustic phonon amplification has exploited stimulated phonon emission by a vertical tunneling or hopping current of electrons in a semiconductor superlattice (SL). In this way, propagating incoherent [10] and coherent phonons [11] at sub-THz frequencies have been amplified by up to 45 percent. Stimulated phonon emission occurs between quantized electronic states in a Wannier-Stark ladder of the biased SL. The amplification displays a resonance at a Stark splitting corresponding to the phonon energy; i.e., the frequency of amplified phonons is set by the electrical bias. The electric tunneling current in the SL is limited to typically 10 −3 A, resulting in a limited phonon amplification factor.
The so-called Čerenkov emission represents a basically different approach, in which an intraband electron current interacts with copropagating acoustic phonons [12] [13] [14] [15] [16] [17] . In bulk semiconductors, the acoustic wave sets up a spatial modulation of the electron density and exchanges energy with the electrons via the deformation potential and piezoelectric interactions. Under bias, the fraction of electrons with a kinetic energy higher than the phonon energy is enhanced, resulting in an enhanced stimulated emission of acoustic phonons and, thus, a net amplification of the acoustic wave. While this scenario has been analyzed extensively by theory [14] [15] [16] , the few experimental studies have remained limited to phonon frequencies below 100 MHz [13, 17] .
In this Letter, we demonstrate a novel concept of acoustic phonon amplification at sub-THz frequencies. Impulsive phonon excitation by a femtosecond optical pulse generates coherent SL phonons propagating forward and backward along the SL stack axis, i.e., a standing acoustic wave. Interaction of the copropagating wave with an electrically driven electron current allows for phonon amplification via the Čerenkov mechanism, connected with electron transitions between states within an electronic miniband. The intraminiband character of the electron transport allows for much higher currents than electron tunneling and, thus, a much stronger phonon amplification by more than 200%.
The GaAs=Al 0.3 Ga 0.7 As SL [ Fig. 1(a) ] studied at ambient temperature (300 K) was grown by molecular beam epitaxy on a 360 μm-thick (001)-oriented GaAs substrate. It contains 70 SL periods, each consisting of a 9.7 nm thick GaAs well and a 1.7 nm thick Al 0.3 Ga 0.7 As barrier layer. The GaAs layers are n doped with a concentration of 5.2 × 10 15 cm −3 . The thin Al 0.3 Ga 0.7 As barrier layers allow for electronic coupling of neighboring GaAs layers and the formation of minibands. The lowest conduction miniband has a width of 20 meV.
The SL is embedded in highly n-doped (n ¼ 5 × 10 18 cm −3 ) 55 nm-and 100 nm-thick GaAs layers. On top of the structure, there is a ringlike silver contact surrounding a surface area of 0.3 mm 2 . The bottom surface of the substrate is covered by a metal layer system serving as the electric contact. Square-wave current pulses are applied in forward bias from the top to the substrate side
along the (001) direction with a repetition rate of 20 Hz and a duty cycle of 20%. The SL period of d ¼ 9.7 þ 1.7 ¼ 11.4 nm leads to the formation of a mini-Brillouin zone with a width of 2π=d and to a confinement of acoustic phonons by the SL, resulting in a back-folded phonon dispersion [18] . The calculated longitudinal SL phonon dispersion is shown in Fig. 1(b) . Its main features are higher SL phonon branches originating from the acoustic phonons of the bulk material and small energy gaps at the zone boundaries due to the different mass densities and speeds of sound of GaAs and Al 0.3 Ga 0.7 As.
In the optical pump-probe experiments, a pump pulse excites the SL sample through the upper surface. A delayed probe pulse measures the spectrally integrated change of reflectivity as a function of pump-probe delay. Pump and probe pulses of 100 fs duration and a center wavelength of 845 nm (photon energy of 1.467 eV) are derived from the output of a mode-locked Ti:sapphire oscillator with an 80 MHz repetition rate. The spectral bandwidth of the pulses is 20 nm (35 meV). The average pump power of 120 mW is focused to a spot diameter of 40 μm, resulting in an excitation density of N ex ≈ 10 18 electron-hole pairs per cm 3 . The average probe power is 3 mW. The reflected light is detected with a photodiode. Its electrical signal is fed into a lock-in amplifier selecting the photocurrent component occurring at a 20 Hz frequency.
A first set of time-resolved reflectivity data was measured with the unbiased sample. The pump-probe traces show a steplike decrease of reflectivity [ Fig. 2(a) ]. The sign of the reflectivity change depends on the spectral position of the pulses relative to the (shifted) band gap of the excited sample [19] . In our case, the relative spectral position is different from the experiments of Ref. [11] where an increase of reflectivity was seen. The steplike reflectivity change of Fig. 2(a) is superimposed by pronounced oscillations, shown in Fig. 2 (b) (black line) after subtraction of the steplike signal. A Fourier analysis of the oscillatory transient gives the spectrum in Fig. 1(b) . The frequency components at 40 and 375 GHz are due to SL phonons Raman excited within the spectral bandwidth of the pump pulses at the q-vector value marked in Fig. 1(b) (dashed vertical line). In contrast, coherent SL phonons at 410 GHz are generated by a displacive mechanism, as discussed below.
An electrical bias on the sample generates an intraminiband current of electrons. The current-voltage characteristics shown in Fig. 1(c) are identical with and without illumination of the SL sample by the femtosecond pulse train. Under forward bias with 1 to 2 V, currents on the order of 1 A occur, roughly 3 orders of magnitude higher than the tunneling currents in Ref. [11] . The transient rise of sample temperature is less than 10 K, as measured with a calibrated thermocamera.
The oscillatory component of a reflectivity transient measured for a current of I ¼ 1 A is shown in Fig. 2(b) (red line). For all delay times, bias increases the oscillation amplitude, as evident from the difference of the two time traces plotted in Fig. 2(c) . Fourier spectra of the time traces of Fig. 2(b) with and without current are presented in Fig. 2(g) and display frequency components originating from all coherently excited SL phonons. For all components, the Fourier amplitudes are enhanced under bias (red line, I ¼ 1 A) compared to the unbiased sample (I ¼ 0 A, black line). The linewidths with and without current are identical, being determined by the finite time window of our measurements. For a more detailed analysis, we bandpass filtered the differential trace of Fig. 2(c) in different frequency windows. 
is independent of the pump-probe delay, while the 410 GHz amplitude increases strongly on a 200 ps time scale. The 410 GHz component has the same phase with and without current over the whole delay range [300 ps, Fig. 2(f) ], ruling out current-induced changes of phonon frequencies.
The enhancement of the 410 GHz Fourier amplitude depends on the electric current through the SL (Fig. 3) . Figures 3(a) and 3(b) show the oscillatory time traces and the related Fourier spectra. The results provide clear evidence for a monotonic increase of phonon amplitude with current. This behavior is shown in Fig. 3(c) , displaying the Fourier amplitudes of the 410 GHz SL phonon as a function of current. The data exhibit a threshold around 0.5 A and a roughly linear increase at higher currents.
We now discuss our key result, the increase of the Fourier amplitude of the 410 GHz SL phonon oscillations with current and time. In our experiments, the photon energies of the pump and probe pulses are in the range of the interband absorption from the highest valence to the lowest conduction miniband. The penetration depth of the pump pulses, which excite coherent SL phonons, is Fig. 2(b) . Differential reflectivity change in two frequency ranges, (d) between 30 and 50 GHz and (e) between 400 and 420 GHz. The increase in amplitude with delay time in (e) is due to acoustic phonon amplification. (f) Differential reflectivity with (red) and without (black) current in the frequency range between 400 and 420 GHz. (g) Fourier spectra of the oscillatory reflectivity changes measured with and without current [red and black line, cf. Fig. 2(b) ]. comparable to the thickness of the SL structure, so that coherent phonons are generated in the whole SL rather than at the surface of the sample. The phonon oscillations are detected via reflectivity changes of the probe pulses. Reference measurements with a spectrally dispersed detection of the probe reveal a spectrum of the reflectivity change unaffected by the electrical bias. Thus, a biasinduced change of the SL's dielectric function can be ruled out as an explanation for the enhanced Fourier amplitudes of the coherent phonons.
The coherent SL phonon at 410 GHz is excited via a displacive mechanism [9] , originating from the spatially periodic absorption of pump light in the GaAs layers of the SL. Photoexcited carriers in the GaAs layers generate via the deformation potential interaction a spatially periodic stress pattern that drives the SL phonon at 410 GHz. This mechanism results in coherent phonons spatially delocalized over the SL. They correspond to standing SL phonon waves, i.e., a coherent superposition of forward and backward traveling acoustic waves with dephasing times on the order of 100 ps [cf. the long-lasting oscillations in Fig. 2(e) ].
Under bias, the intraminiband current of electrons interacts with the coherent phonon excitation mainly via the acoustic deformation potential. Piezoelectric coupling [20] is weak because of the lattice symmetry and screening at the high electron densities present. Electrons with kinetic energies higher than the SL phonon energy enhance the coherent amplitude by the stimulated intraband emission of acoustic phonons, exploiting the population inversion between electronic states in the same miniband. This socalled Čerenkov mechanism acts mainly on the acoustic wave traveling in the forward direction, i.e., in the same direction as the electrons. In other words, the electric bias shifts the Fermi distribution of electrons to larger k vectors, introducing an asymmetric carrier distribution in k space and enabling phonon amplification.
The time evolution of the 410 GHz Fourier amplitude as shown in Fig. 2(e) and the threshold behavior shown in Fig. 3(c) provide strong support for this picture. The amplitude grows over a period of t ≈ 200 ps. In this time interval, the coherent acoustic wave travels a distance l ¼ v sound t ≈ 0.9 μm, assuming an average velocity of sound v sound ¼ 4700 m=s. This value of l is very close to the overall SL thickness of 0.8 μm, suggesting an amplification process over all periods of the SL. Using l ¼ 0.9 μm and the measured amplification factor of about 2 [ Fig. 3(a) ], one estimates an effective acoustic gain coefficient of 8 × 10 3 cm −1 , much higher than what has been observed with SL tunneling currents. To estimate the threshold current I T for amplification, we assume that stimulated emission sets in when the electron drift velocity reaches the sound velocity. The current is given by I T ¼ nev sound S (e is the elementary charge). With the density of photoexcited carriers N ex ¼ 10 18 cm −3 and the optical spot size S ¼ 1.2 × 10 −5 cm 2 , one estimates a value of I T ≈ 0.9 A, close to the measured value of approximately 0.5 A.
For a theoretical estimate of the phonon gain coefficient, we use the formalism of Refs. [16] and [21] . According to Eq. (16) of Ref. [21] for the phonon transition rate
we calculated the phonon gain coefficient g ¼ Γ q =v sound due to the acoustic deformation potential interaction jC dp q j 2 ¼ Ξ 2 ℏq=ðV2ρv sound Þ (f k is the Fermi distribution at T ¼ 300 K). The coupling parameters were taken from Tables 1.8, 3.4, and 3.6 of Ref. [20] . In Fig. 1(d) , results are plotted for a drift velocity of v D ¼ 2v sound and different electron densities. The calculations show that the gain coefficient g increases strongly with q, reflecting the q dependence of the acoustic deformation potential. The gain coefficient increases roughly linearly with electron density up to N ¼ 10 17 cm −3 and then starts to saturate. For the density N ex ¼ 10 18 cm −3 of carriers photoexcited in our experiments, we find a value of g ≈ 10 4 cm −1 for the SL phonon at the outer edge of the mini-Brillouin zone, in good agreement with the experimental value of 8 × 10 3 cm −1 . A comment should be made on the bias-induced amplitude enhancement of the Raman-excited coherent phonons at 40 and 375 GHz [cf. Fig. 2(g) ]. As shown in panel (d) for the 40 GHz phonon, this enhancement is independent of the pump-probe delay and, thus, cannot be caused by phonon amplification. In view of the very small changes of sample temperature, thermal effects are excluded as well. Instead, it originates from a current-induced increase of the Raman scattering amplitudes. More specifically, before the arrival of the pump pulse the drift current of the electrons present by doping tends to enhance the quasistationary nonequilibrium phonon population to a value of [see Eq. (10) of Ref. [21] ]
in competition with anharmonic phonon-phonon interactions tending to establish a Bose distribution of phonons at lattice temperature T, i.e., N 0 q ðv D ¼ 0; TÞ. The biasinduced enhanced phonon population increases the signal amplitude of spontaneous Raman scattering [see Eq. (29) of Ref. [22] ] and of the impulsive coherent Raman excitation and probing as done in our experiments for the phonons at 40 and 375 GHz.
In conclusion, we have demonstrated the strong amplification of coherent acoustic phonons in a semiconductor superlattice at room temperature. Amplification is based on the stimulated emission of acoustic phonons by electrically driven electrons undergoing intraminiband transport. This mechanism allows for a strong amplification of displacively excited superlattice phonons. In our present superlattice these phonons have a frequency of 410 GHz. By changing the width of the superlattice layers, the amplified phonon frequency can be chosen in a wide range. Our amplification concept holds potential for intense sources of coherent acoustic phonons in the sub-THz frequency range and may become a key ingredient of devices based on sound amplification by stimulated emission of radiation (SASER) [23, 24] . With such sources of sub-THz coherent phonons it will be possible to study phonon propagation and dephasing with much higher sensitivity and precision than presently possible. Phonons with sub-THz frequencies have wavelengths in the nanometer range, allowing for investigations with very high spatial resolution, e.g., in microelectronic devices or in microbiology.
